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The intermolecular interaction between diphenylamine (DPA) and p-sulfonatocalix[4]arene ( p-SC4) is studied by 
experimental and computational techniques. The 1:1 stoichiometry of the inclusion complex is deduced from fluorescence 
titration using Job’s method. The tendency of binding of DPA with p-SC4 is analyzed from emission, excited state lifetime 
and cyclic voltammetry techniques. The binding constant values acquired from all the titrations are around 103–104 L/mol, 
reveals the effective binding. The structural interactions and mode of binding of the supramolecular complex are explained 
by 1H NMR and ROESY spectral studies. The molecular association of DPA with p-SC4 is confirmed by quantum  
chemical simulations. The higher complexation energy (-76.94 kJ/mol) declares the existence of strong binding between 
DPA and p-SC4.  
Keywords: p-Sulfonatocalix[4]arene, Diphenylamine, Spectral titrations, Electrochemical study, Theoretical interpretation, 
Complexation energy 
Calixarenes are macrocyclic oligomers having 
flexible template for building numerous structures 
with exciting host-guest properties, recognized as the 
third generation organic supramolecular host 
compounds after cyclodextrins and crown  
ethers
1-3
. Calixarenes are attractive molecular 
receptors with accessible chemical modifications to 
adopt organic molecules inside the cavity
4
. The basic 
calixarenes structures have limited functional 
applications because of their poor water solubility. 
Enormous amount of strategies are executed to 
improve the water solubility of basic calixarene 
structures by means of upper and lower rim 
modifications to impart efficient molecular 
recognition properties towards bio-system
5,6
. Most of 
the synthetic modifications of calixarenes are aimed at 
the recognition and delivery of larger drug 
molecules
7-10
. Water soluble acid derivatives of 
calixarenes, such as p-sulfonato-, o-phosphonato-,  
o-alkylcarboxylato-calixarenes are envisaged as 
suitable receptors for biologically important 
molecules
11,12
. The para-sulfonatocalix[4]arene  
(p-SC4), is a prominent water soluble anionic 
calixarene derivative in the field of molecular 
recognition
13,14
. The p-SC4 provides three dimensional, 
open, flexible, π-rich cavity and anchoring point by 
means of sulfonate groups to accommodate a variety 
of metals, organic cations and neutral organic 
molecules in aqueous medium
15-17
. The diverse 
interactions such as ionic, hydrophilic as well as 
hydrophobic nature are exclusive properties of  
p-SC4
18
. In aqueous media, the hydrophobic and π-π 
stacking interactions are the driving forces for the 
guest incorporation into the p-SC4 cavity
19,12,20
. The 
recognition of fluorophores by host molecules such as 
p-SC4 is a wide area of research in supramolecular as 
well as photochemistry
21-24
. The strategy of changing  
the fluorescent properties of fluorophores upon 
complexation leads to several applications from 
sensors to site selective drug delivery
25-30
. 
Diphenylamine (DPA) is mainly used as a post-
harvest anti-fungal agent and is used to protect scald 
formation in fruits like apple, pear during storage
31,32
. 
DPA is a commonly used stabilizer in multi-base 
propellants, nitrocellulose containing explosives, 
antioxidants for various polymers, elastomers and 




condensates for the insulation of rubber
33
. The DPA 
and its derivatives, are commonly applied in the 
manufacturing of dyes, photography chemicals, 
pharmaceutical processes
31
. It has biological 
applications, such as fungicidal activity, insecticidal, 
acaricidal, and rodenticidal activity
34,35
. Fluorimetric 
photochemical conversion of DPA to carbazole in 
aerated aqueous and β-Cyclodextrin environments has 
been investigated by Chattopadhyay group
36,37
. The 
DPA incorporated polymer electrolyte material is a 
promising one for dye-sensitized solar cells, which 
improves the stability by decreasing the sublimation 
of I2 to a considerable extent
38
. The inclusion complex 
and proton transfer efficiency of diphenylamine with 
β-cyclodextrin in the aqueous medium have been 
reported by M. Swaminathan group
39-41
. The 
photophysical and electrochemical behavior of DPA 
with β-cyclodextrin have been reported by Srinivasan 
et al
37
. However, the photochemical and 
electrochemical properties of DPA in the presence of 
highly polar anionic guest molecule like p-SC4 is not 
reported yet. The DPA is having a secondary amine 
group as well as phenyl groups with propensity of 
binding with hydrophobic cavity as well as hydrophilic 
upper and lower rims. Herein, we report the 
supramolecular interaction between DPA and  
p-SC4, through spectrofluorimetric, electrochemical, 
NMR analysis and computational studies. 
 
Materials and Methods 
Diphenylamine (DPA) was purchased from Avra 
synthesis Pvt. Ltd, Hyderabad, India. The p-SC4  
was synthesized by the procedure from the earlier 
reports
17,13,42
. Sulfuric acid and HPLC grade acetonitrile 
was procured from Sisco Research Laboratories Pvt. 
Ltd, Mumbai, India. Acetonitrile and Millipore water 
were used as solvents to prepare the stock and the 
sample solutions. The whole experiments were carried 
out at room temperature (~25 ºC) without use of buffer 
solutions. The p-SC4 exhibits pH~8 in aqueous medium. 
 
Binding constant calculation from fluorescence spectroscopy 
The fluorescence spectra of DPA (1 × 10
-6
 mol/L) 
were recorded in the absence and in the presence of 
increasing concentration of p-SC4 (1 × 10
-6 
mol/L to  
9 × 10
-5
 mol/L) using Agilent spectrophotometer.  
The binding constant value is evaluated based on the 
increase of emission intensity of DPA with the 
increasing concentration of p-SC4. We have 
calculated the binding constant value from the 
modified Benesi–Hildebrand equation, 
𝐼0
𝐼−𝐼0
= 𝑏(𝑎 − 𝑏)  
1
𝐾𝑎  𝐻 
+ 1  … (1) 
 
where, I0 is the fluorescence intensity of DPA without 
p-SC4, I is the fluorescence intensity of DPA with 
various concentrations of p-SC4, [H] is the 
concentration of p-SC4, Ka is the binding constant,  
a and b are constants. The plot of I0/(I-I0) versus the 
inverse of the concentration of p-SC4 gave a straight 
line. The binding constant Ka was calculated from the 
slope of the straight line. The binding stoichiometry 
was determined using the Job’s plot method.  





mol/L) and DPA (varied from 1×10-
6
 mol/L to 
9×10-
6
 mol/L) were prepared and the emission 
measurements are carried out. Plotting mole fraction 
versus changes in fluorescence intensity gives the 
stoichiometric ratio for DPA/p-SC4 complex. 
 
Calculation of free energy change from emission titration 
The host-guest complex formation was also 
evaluated by the thermodynamic parameter i.e. free 
energy change of a reaction. The ∆G value was 
calculated from the binding constant value using the 
following equation, 
 
∆𝐺 = −𝑅𝑇 𝐿𝑛𝐾𝑎  … (2) 
 
where, ∆ G is the free energy change of the reaction,  
R is gas constant, T is temperature and Ka is binding 
constant value. 
 
Fluorescence lifetime study 
The excited state fluorescence lifetime of DPA 
with p-SC4 was measured using time correlated single 
photon counting method (TCSPC) in HORIBA 
JOBIN-VYON data station. The pulse light-emitting 
diodes were the dominant light sources for TCSPC
43
. 
In this experiment, 280 nm pulse-LED was the  
light source to excite the molecule. The DPA 
molecule, concentration is fixed at 1× 10-
4
 mol/L  
and concentration of p-SC4 is varied from  
0.5 × 10-
4
 mol/L to 2 × 10-
4
 mol/L. The fluorescence 
lifetime of DPA with p-SC4 is calculated by plotting 
decay versus time from the system generated data. 
 
Electrochemical measurements 
The host-guest titration study was carried out 
electrochemically, using cyclic voltammetry 
technique on a CHI604D electrochemical analyzer. 
Three electrode systems were used, glassy carbon 
(GC) as working electrode, silver-silver chloride as 
reference electrode, and platinum rod as counter 




electrode. The concentration of DPA ( 10 mL,  
10-
3
 mol/L) was fixed and the concentration of p-SC4  
(2-10 mL of 10-
3 
mol/L) was increased and vice versa. 
The mixture was allowed to stir for 2 min, after each 
2 mL addition of host or guest. The binding constant 










+ 1/(𝐾𝑎  𝐷𝑃𝐴 0∆𝐼 𝑝 − 𝑆𝐶4 0 … (3) 
 
where, IG is the oxidation peak current of DPA 
without p-SC4, IHG is oxidation peak current of the 
DPA with p-SC4, and IHG-IG is the oxidation peak 
current of the DPA/p-SC4 complex and the DPA 
alone, ∆I is the difference between the molar peak 
current coefficient of the complex and the DPA. 
[DPA]0 and [p-SC4]0 are the initial concentrations of 
DPA and p-SC4, respectively. The plot of 1/(IHG-IG) 
versus 1/[p-SC4] gave a straight line. From the slope 
value of the straight line, we have calculated the 
binding constant. The free energy change value was 
calculated from the binding constant value Ka by 
using Eqn 2. 
 
NMR analysis 
The host-guest interaction between DPA and p-SC4 
was studied by NMR spectral titration using Bruker 
500 MHz spectrometer. The mixture of acetonitrile- 
deuterium oxide (1:3) was used as solvent for  
1
H NMR titration and rotating frame nuclear Overhauser 
effect spectroscopy (ROESY) spectral studies. 
 
Computational methods 
All the calculations reported in this work were 
performed by Gaussian 09 quantum chemical 
software
45
 within the framework of density functional 
theory (DFT). The optimized structures of the host (p-
SC4) and guest (DPA) molecules were used to 
calculate the complex structure. The optimized 
geometries are then subjected to the vibrational 
frequency analysis to ensure no imaginary frequencies 
on the potential energy surface. The most stable host-
guest complex was used to obtain the frontier 
molecular orbitals (FMOs) to study the charge transfer 
phenomenon. The simulations were performed at the 
M06-2X/6-31G(d) level of theory
46
. The employed 
Minnesota hybrid exchange-correlation functional 
(with 56% Hartree-Fock contribution) has been widely 
used previously for this type of interaction studies. All 
the calculations were performed in the vacuum 
without imposing any symmetry constraints. 
Results and Discussion 
The supramolecular complexation of DPA with  
p-SC4 was investigated by emission, excited state 
lifetime, cyclic voltammetry, 
1
H NMR titrations and 
computational studies. The structures of DPA and  
p-SC4 are given in Scheme 1. 
 
Fluorescence titration 
Fluorescence spectroscopy is a highly sensitive and 
suitable technique to evaluate the host-guest 
complexation between DPA and p-SC4, since the host 
molecule p-SC4 does not exhibit any fluorescence 
behavior. The emission spectrum of DPA is shown in 
Fig. S1 (Supporting Data). The emission maximum  
of DPA is observed at 385 nm upon excitation at  
285 nm. The concentration of DPA is fixed at  
1 × 10-
6
 mol/L and the concentration of p-SC4  
varied and the emission measurements are carried out. 
The emission intensity of DPA increases after the 
addition of increasing concentration of p-SC4 is given 
in Fig. 1. The binding constant value is calculated 
from the enhancement in the fluorescence intensity of 
DPA using Eqn 1. The binding constant value of DPA 
with p-SC4 complex is 1.46 × 10
4
 L/mol. The Benesi–
Hildebrand plot is shown in Fig. S2. The binding ratio 
is calculated using Job’s method. The Job’s plot is 
given in Fig. 2. The 0.5 mole fraction indicates the 1:1 
stoichiometry of the p-SC4 /DPA complex. The ∆G 
value is calculated using Eqn 2. The ∆G of DPA in the 
presence of increasing concentration of p-SC4 is  
-24.1 kJ/mol. The negative ∆G value represents the 
spontaneous interaction upon inclusion. The p-SC4 
 
 
Scheme 1 — Molecular structures of diphenylamine and  
p-sulfonatocalix[4]arene. 




has ability to sequester its own counter ions ( Na+), 
resulting in a decrease of the host available for 
complexation of an external guest on increasing  
the calixarene concentration are reported by  
Garcia-Rio et al. and Nau et al.
18
. The competitive 
binding of p-SC4 with Na+ is not comparable with 
organic guest molecules, because of the weak counter 
ion binding possess low binding constant values
47-49,18
. 
Also, both p-SC4 and counter ion have no fluorescent 
properties, the results observed from the spectroscopic 
titration is only due to the change in the fluorescence 
of DPA molecules upon encapsulation of p-SC4. 
 
Excited state lifetime 
The excited state lifetime of DPA is 740.86 ps in 
aqueous solution. Keeping the concentration of DPA 
constant at 1 × 10-
4
 mol/L, varying the concentration 
of p-SC4 from 0.5 × 10-
4
 mol/L to 2 × 10-
4
 mol/L, 
excited state lifetime is measured for these samples. 
The lifetime of DPA is increased with the increasing 
concentration of p-SC4.The decay plot is shown  
in Fig. 3 and the lifetime data is given in Table. 1.  
The changes observed in the lifetime of DPA in the 




The concentration of DPA is kept constant and the 
experiment is carried out at the scan rate of 50 mV in 
aqueous medium. A single oxidation peak is observed 
at 0.52 V, represents the formation of diphenylamine 
cation radical. The reduction peak appeared at  
0.25 V is due to the DPA cation radical reduction  
(Fig. S3)50
,51
. The increase in anodic peak current and 
the shift in the peak potential towards negative side 
upon adding the p-SC4, indicate the complexation 
behavior (Fig. 4). A new oxidation peak is developed 
at around 0.75 V, while introducing p-SC4 first due to 
the one electron oxidation of diphenylamine cation 
radical
52,53
. When the amount of p-SC4 is increased 
subsequently the anodic peak current at 0.75 V is 
decreased, due to the DPA accommodation. The 
oxidation of amine group to produce cation radical is 
suppressed by means of formation of intermolecular 
hydrogen bonding of hydrogen of secondary amine 
 
 
Fig. 1 — Emission spectra of DPA ( 1 × 10-6 mol/L) in the 









Fig. 3 — Excited state lifetime of DPA (1 × 10-4 mol/L) in the 
presence of increasing addition of p-SC4 ( 0.5 × 10-4 mol/L to  
2 × 10-4 mol/L) (excited at 285 nm). 
 
Table 1 — Excited state lifetime changes of DPA with the 
addition of increasing concentration of p-SC4 
S. No Concentration of p-SC4 (mol/L) Lifetime (τ) (ps) 
1 Without p-SC4 740.86 
2 0.5 × 10-4 753.78 
3 1 × 10-4 756.84 
4 1.5 × 10-4 761.50 
5 2 × 10-4 775.13 
 




group with oxygen of sulfonate group of p-SC4.  
The hydrogen bond formation is explained using the 
computational technique in the subsequent section. 
The detailed changes are given in Table 2. A small 
hump has appeared at 0.9 V from p-SC4 until the 1:1 
ratio is reached. The DPA polymerization is inhibited 
while increasing the concentration of p-SC4. The 
binding constant value is 3.81 × 10
3
 L/mol. The 
Benesi–Hildebrand plot of DPA/p-SC4 complex  
is shown in Fig. S5. The ∆G value obtained is  
-20.7 kJ/mol, denotes the complexation is spontaneous. 
Similarly, by keeping the p-SC4 concentration 
constant, the concentration of DPA is varied and the 
experiment is carried out at the same scan rate. A 
wave like oxidation peak observed at 0.81 V, belongs 
to phenolate ion oxidation of p-SC4 (Fig. S4)
54,55
. 
There is an immediate peak potential shift towards 
negative side upon complexation with DPA is 
observed. The increase of concentration of DPA 
enhances the oxidation peak current of p-SC4 through 
complexation. The results obtained from cyclic 
voltammetry are similar to our previous reports of  
p-SC4 with different organic molecules
26,27
. The 
oxidation peak at 0.38 V has also appeared after the 
addition of DPA, which indicates the DPA presence 
(Fig. 5). The peak values are displayed in Table 3. The 
peak at 0.72 V for the DPA mono cation, are merged 
with the p-SC4, while 1:1 ratio is reached.  
The binding constant value obtained is 1.1 × 10
3
 L/mol, 
calculated from Eqn 3. The Benesi–Hildebrand plot is 
given in Fig. S6. The ∆G value from Eqn 2 is  
-17.6 kJ/mol suggests that the inclusion is 
spontaneous. The obtained binding constant values 
 
 
Fig. 4 — Cyclic voltammogram of DPA (10 mL, 10-3 mol/L) in 
the presence of increasing amount of p-SC4 ( 2 – 10 mL,  
10-3 mol/L) (scan rate is 50 mV/s). 
Table 2 — CV of DPA with varying concentration of p-SC4 at the scan rate of 50 mV/s 
S. No Concentration of p-SC4 (mL, 10-3mol/L) Epa1 (V) Ipa1 (µA) Epa2 (V) Ipa2 (µA) 
1 0 0.52 1.38 - - 
2 2 0.34 2.45 0.72 10.93 
3 4 0.35 2.86 0.75 10.54 
4 6 0.35 2.92 0.76 10.07 
5 8 0.36 2.99 0.71 9.09 
6 10 0.37 3.21 0.70 9.00 
 
Table 3 — CV of p-SC4 with varying concentration of DPA at the scan rate of 50 mV/s 
S. No Concentration of DPA (mL, 10-3mol/L) Epa1 (V) Ipa1 (µA) Epa2 (V) Ipa2 (µA) 
1 0 0.81 7.16 - - 
2 2 0.67 6.36 0.38 3.65 
3 4 0.68 8.65 0.34 3.13 
4 6 0.69 10.04 0.33 3.15 
5 8 0.72 11.89 0.32 3.17 




Fig. 5 — Cyclic voltammogram of p-SC4 (10 mL, 10-3 mol/L) in 
the presence of increasing concentration of DPA ( 2 – 10 mL, 
 10-3 mol/L) (scan rate is 50 mV/s). 




from electrochemical titrations are around 10
-3
 L/mol, 
whereas the binding constant values obtained from 
spectrofluorometric titration is around 10
-4
 L/mol. 
This is due to the competitive binding of counter ions 
of p-SC4 with DPA
18
 However, the fluorescent 
technique is only considering the fluorescence change 
from DPA and also it is comparatively sensitive 
technique than electrochemical techniques. Therefore 
the binding constant obtained from fluorescence 
technique is higher than the binding constants 
obtained from electrochemical techniques. 
 
NMR spectral titration 
For easy interpretation purpose, the structure of  
p-SC4 and DPA with protons labelling are displayed 
in Fig. S7. The 
1
H NMR spectrum of DPA in CD3CN 
and p-SC4 in D2O are shown in Fig. S8 and S9. The  
p-SC4 protons have appeared at 7.3, 3.75 and 1.7 ppm 
corresponds to aromatic protons (Sc), methylene 
protons (Sb) and-OH protons (Sa), respectively. Since 
the aromatic protons are in similar environment for all 
four phenyl rings. Also all methyl protons are in 
similar environment. Therefore, these two protons are 
observed as single peak at 7.3 and 3.75 ppm. Another 
one signal is for phenolic –OH, where the peak 
position will vary due to the exchange of protons in 
water. The DPA protons shows four different peaks at 
3.55, 6.91, 7.12 and 7.28 ppm, which are attributed to 
the amine (-NH) proton ( a) and the other three 
aromatic protons from phenyl ring (b, c & d). The 
1
H 
NMR titrations of DPA alone and DPA/p-SC4 
mixtures in CD3CN/D2O (1:3) is shown in Fig. 6. All 
the protons of DPA are shifted towards downfield 
with the incremental addition of p-SC4. The chemical 
shift value changes are given in Table 4. This is the 
evidence for the host-guest complexation of DPA 
with p-SC4 with upper rim binding
56-58,27
. The 
ROESY technique was used to know the mode of 
binding between DPA and p-SC4. The ROESY 
spectrum of DPA with p-SC4 mixture (1:1) in 
CD3CN/D2O is shown in Fig. 7. The amine proton (a) 
and the aromatic protons (b, c & d) of DPA correlate 
with the –CH2 protons (Sb) and the aromatic protons 
(Sc) of p-SC4. There is no correlation observed for the 
–OH protons (Sa) of p-SC4. Therefore, the binding of 
DPA with p-SC4 is predominantly at the upper rim. 
 
Computational studies 
We modeled three host-guest orientations with 
DPA and p-SC4, in the first orientation, we placed the 
DPA molecule horizontally in the cavity of p-SC4 and 
in the other two orientations the DPA in the vertical 
 
 
Fig. 6 — 1H NMR spectral titration of (a) DPA (1:0) alone, (b) DPA with p-SC4 in 1:1 ratio, (c) mixture of DPA with p-SC4 in 1:1.5 
ratio and (d) is the 1:2 ratio of DPA with p-SC4 in CD3CN/D2O (1:3). The solvent peaks are excluded for clarity. 
Table 4 — Chemical shift values of the 1H NMR spectral titration 
of DPA with p-SC4 in CD3CN/D2O (1:3) 




a 3.55 3.91 0.36 
b 6.91 7.21 0.30 
c 7.12 7.40 0.28 
d 7.28 7.57 0.29 
 




orientation. In the two vertical orientations, the phenyl 
rings present inside the p-SC4 cavity are 
perpendicular to each other. The optimized geometries 
of DPA and p-SC4 are given in Fig. 8. The  optimized 
geometries of the modeled p-SC4-DPA system have 
been given in Fig. 9. The high complexation energy  
(-76.94 kJ/mol) of the first model (horizontally placed 
orientation) indicates the strong binding of DPA with 
p-SC4 in its horizontal orientation. The calculated 
complexation energies for the vertical models  
are -65.06 and -59.16 kJ/mol. The H-bond distance is 
2.27, 2.29, and 2.32 Å, respectively for horizontal, 
vertical-1, and vertical-2 models. The high 
complexation energy of the horizontal model can be 
attributed to the shortest H-bond formed between 
amine hydrogen and oxygen of one of the sulfonate 
groups of p-SC4 (highlighted in Fig. 9). As the  
H-bond distance increased, the complexation energy 
between DPA and p-SC4 decreased. All the 
complexation energies were corrected for basis set 
superposition error with counterpoise method
59
. The 
simulated complexation energies (BSSE corrected and 
uncorrected), dipole moments of the host-guest 
complexes were compiled in Table 5. The most stable 
complex (the first model) is chosen to investigate the 
 
 




Fig. 8 — The optimized geometries of the p-SC4 (top) and DPA 
(bottom) obtained at M06-2X/6-31G (d) level of theory. 




charge transfer phenomenon. The electron density 
distribution in the frontier molecular orbitals is given 
in Fig. 10. In the HOMO, the electron density is 
localized over DPA and it has been completely 
transferred to p-SC4 in LUMO, which indicates the 
charge transfer upon complexation. The binding mode 
of all the orientations is at the upper rim, which is 




Fig. 10 — Frontier molecular orbitals (HOMO and LUMO) of the 
most stable host-guest complex computed at M06-2X/6-31G (d) 
level of theory. Hydrogens are omitted for clarity. 
 
Conclusions 
The binding constant value obtained from 
fluorescence measurement is 1.46 × 10
4
 L/mol, which 
shows the efficient binding of DPA with p-SC4. The 
substantial increase in the fluorescence intensity as 
well as the lifetime of DPA in the presence of p-SC4 
is observed due to the binding of DPA with p-SC4. 
The negative shift in the oxidation potential and 
increase in the oxidation current of DPA in presence 
of p-SC4 reveal the complexation between the two 
components. The binding constant values calculated 
from cyclic voltammetry are around 10
3 
L/mol, 
express the considerable binding. The theoretical 
simulations reveal that the complexation of DPA with 
p-SC4 is stronger when the DPA is placed 
horizontally in the cavity of p-SC4 with a 





Fig. 9 — The optimized geometries of the DPA with p-SC4 
complex in three orientations, horizontal (top), vertical-1 
(middle), and vertical-2 (bottom) computed at M06-2X/6-31G(d) 
level of theory. The hydrogen bonds are encircled with dots. 
 
Table 5 — Calculated complexation energies of DPA with p-SC4 in various orientations 
S. No DPA orientation type Complexation 
energy (kJ/mol) 
BSSE uncorrected complexation 
energy (kJ/mol) 
Dipole moment (D) 
1 Horizontal -76.94 -116.69 11.81 
2 Vertical-1 -65.06 -96.57 13.59 
3 Vertical-2 -59.16 -87.07 13.53 




spectral titration and the ROESY studies strongly 
emphasized the upper rim binding of p-SC4. 
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